Plant parasitic root-knot nematodes (RKN) have evolved sophisticated strategies for exploiting plants, and they cause devastating yield losses in many susceptible crops. The RKN Meloidogyne arenaria is the most predominant pathogenic nematode affecting cultivated peanut (Arachis hypogaea L.). Resistance against the M. arenaria has been identified in the wild peanut relative, Arachis stenosperma. Transcriptome studies on A. stenosperma-M. arenaria interaction revealed candidate genes potentially involved in the first stages of this resistance response, including a temperature-induced lipocalin (TIL) protein. Plant TILs have a protective role against harmful molecules produced in response to a number of stresses. In this study, the characterization of the RKN-responsive TIL from A. stenosperma (AsTIL) provides new insights into the role of plant lipocalins in nematode resistance. The AsTIL gene has a 2-exon/1-intron structure and encodes a 21.4 kDa polypeptide. It contains three structurally conserved regions, which are a signature for plant lipocalins. Overexpression of AsTIL in transgenic hairy roots from a susceptible peanut cultivar led to the reduction of M. arenaria galls and egg masses 60 days after inoculation. This is the first report of a possible involvement of plant lipocalins in RKN resistance. It also reveals a promising candidate gene for peanut breeding to produce cultivars resistant to M. arenaria.
Introduction
Peanut (Arachis hypogaea L.) is the only commercially cultivated Arachis species and represents an economically important tropical legume crop in Asia, Africa, and North America. Peanut seeds are rich in oils, carbohydrates, and proteins and are consumed worldwide, whether in natura or through processed products. In addition, it contains several minerals, antioxidants, and vitamins that can serve as a source of healthenhancing nutrients (https://ndb.nal.usda.gov). However, world peanut production is being severely affected by numerous fungal pathogens and plant parasitic nematodes, Bruna M. Pereira and Larissa A. Guimaraes contributed equally to this work.
including the highly destructive root-knot nematodes (RKN) Meloidogyne arenaria (Dong et al. 2008; Branch and Culbreath 2013) .
The economically devastating RKNs begin to infect host roots as second-stage juveniles (J2s). After penetrating the root tip cells, the J2s migrate to the root cortex to establish feeding sites, which are characterized by the dedifferentiation of the plant cells into a multinucleate and hypertrophied giant cell. These specialized giant cells provide nutrients to the nematode until reproduction. The subsequent development of root galls results in deformation of the root system, which affects nutrient and water uptake thus decreasing crop yield (Caillaud et al. 2008; Leal-Bertioli et al. 2016) .
The use of nematicides has been the most widespread method of RKN management, particularly in infested peanut plantations. Although nematicides can be effective in reducing M. arenaria population, most of them are expensive, highly toxic, and hazardous to the environment and human health (Dickson and Hewlett 1989; Culbreath et al. 1992) . The use of RKN resistant cultivars in concert with reduced chemical nematicides, biological control, and cultural practices, in an integrated pest management, has become strategic for peanut production in nematode infested areas (Leal-Bertioli et al. 2016) .
Resistance genes, such as Mi and Ma, have been successfully used in the development of RKN resistant cultivars of tomato and plum, respectively (Vos et al. 1998; Claverie et al. 2011) . However, the RKN populations have already been shown to overcome the repeated use of a single source of resistance, such as the Mi gene in tomato (Eddaoudi et al. 1997; Tzortzakakis et al. 2014) . Thus, the identification and characterization of additional resistance genes are still necessary for most crops, including peanut. These new sources of resistance will be of great importance to diversify the basis of RKN resistance and allow their successful pyramiding to achieve a more durable resistance (Djian-Caporalino et al. 2014) .
While peanut has a narrow genetic base and only moderate levels of RKN resistance, wild Arachis relatives have genetically diverse source of high RKN resistance (Nelson et al. 1989; Holbrook and Noe 1992) . In fact, the wild peanut relative Arachis cardenasii has been successfully explored over the years to broaden peanut RKN resistance. However, A. cardenasii is the only source of RKN resistance that has been incorporated into peanut cultivars, including COAN, NemaTAM, Tifguard, Webb, and Tifguard Hi-O/L (Simpson and Starr 2001; Simpson et al. 2003 Simpson et al. , 2013 Holbrook et al. 2008; Chu et al. 2011) . Another wild species, Arachis stenosperma, is highly resistant to M. arenaria producing a hypersensitive response (HR) (Proite et al. 2008 ) and has been identified as a promising novel source of wild alleles for RKN resistance for cultivated peanut (Leal-Bertioli et al. 2016) . Transcriptome surveys of A. stenosperma roots have been conducted and they revealed several candidate genes related to the early responses against M. arenaria infection (Proite et al. 2007; Guimaraes et al. 2010 Guimaraes et al. , 2015 Morgante et al. 2013; Mota et al. 2018) . Among them, a gene coding for a defense-related lipocalin protein was identified. This gene was preferentially induced in the first stages of the A. stenosperma-M. arenaria incompatible interaction (Morgante et al. 2013) . Root transcripts of this gene displayed contrasting expression behavior in response to RKN infection, being upregulated in the resistant species (A. stenosperma) and downregulated in the susceptible species (A. hypogaea 'Runner') .
Plant lipocalins are involved in modulation of the tolerance response modulation to environmental stresses and are classified as temperature-induced lipocalins (TILs) or chloroplastic lipocalins (CHLs) (Charron et al. 2005 (Charron et al. , 2008 . However, very little is known about the function of plant lipocalins function at the cellular and biochemical levels. Evidence suggests that they prevent lipid peroxidation and restore membrane integrity, indicating that plant lipocalins possess a scavenging or protective role against harmful molecules like hydrogen peroxide and other reactive oxygen species (ROS). These harmful molecules are usually produced under oxidative stress, extreme temperatures, excess light, and drought conditions (Charron et al. 2008; Chi et al. 2009; Levesque-Tremblay et al. 2009; Boca et al. 2014; He et al. 2015) .
Plant lipocalins were recently recognized as being involved in biotic stress responses and only one report described a putative role of a tomato lipocalin in the resistance against Tomato yellow leaf curl virus (TYLCV) (Sade et al. 2012; Czosnek et al. 2013) . In the present study, the coding sequence of a RKN responsive TIL protein from wild A. stenosperma (AsTIL) was characterized in silico, and then cloned in a binary vector. The overexpression of AsTIL in transgenic hairy roots of a susceptible peanut cultivar reduced M. arenaria infection, indicating its usefulness as a candidate gene that provides additional RKN resistance to be incorporated in future genetic breeding programs.
Materials and Methods

Characterization of AsTIL cDNA
To identify the complete coding sequence of AsTIL, three cDNA sequences from A. stenosperma root transcriptome surveys (Proite et al. 2007; Guimaraes et al. 2012 Guimaraes et al. , 2015 available on the NCBI database (http://www.ncbi.nlm.nih.gov) (EH042075; JR328546, and GDBK01026033) were assembled and aligned using the default parameters of the Geneious alignment tool (Geneious 8.1.9 software, Biomatters Ltd., Auckland, New Zealand). Isoelectric point and molecular weights of the AsTIL-deduced protein were predicted on software available at ExPASy (http://expasy. org/). Potential N-glycosylation sites were identified on the NetNGlyc 1.0 server (Gupta et al. 2004) .
Phylogenetic analysis, based on the AsTIL amino acid residue sequence, was constructed by the neighbor-joining method of the software MEGA 7 (Kumar et al. 2016) using Poisson model and complete deletion option parameters. The reliability of the obtained tree was tested using bootstrap values of 1000 replicates. The following TIL-coding sequences were used for the amino acid residue alignment and phylogenetic analyses: XP_015932734.1 (A. duranensis), XP_016200082.1 (A. ipaënsis), Phvul.009G194100.1 (Phaseolus vulgaris), C.cajan48623 (Cajanus cajan), Ca03349 and Ca03348 (Cicer arietinum), Medtr4g131400.1, Medtr4g131390.1 and Medtr4g131500.1 (Medicago truncatula), Lj6g3v1078560.1 (Lotus japonicus), XP_011078595.1 (Sesamum indicum), N P _0 01 2 34 51 5. 1 ( So la nu m l yc o pe rsi cu m ) , a n d NP_001140887.1 (Zea mays).
TBLASTN against the genomes of two wild Arachis species (A. duranensis and A. ipaënsis) and keyword search in their GFF-formatted file (http://peanutbase.org/) were used to estimate the number of TIL putative genes. Molecular organization of exon and intron AsTIL was predicted using FGENESH+ tool (Solovyev 2007) at Softberry website (http://www.softberry.com). This analysis was based on the gene models of AsTIL from A. duranensis and A. ipaënsis sequences (Aradu.YTL0F.1 and Araip.JS32F.1, respectively) available at PeanutBase (http://peanutbase.org/gbrowse).
Cloning of AsTIL in the pPZP Binary Vector
The 558 bp AsTIL open reading frame (ORF) sequence was s y n t h e s i z e d a n d c l o n e d i n t h e b i n a r y v e c t o r pPZP_201BK_EGFP (Chu et al. 2014) , hereafter called pPZP, by Epoch Life Science (TX, USA). The AsTIL coding sequence cloned at the XhoI restriction site of pPZP was under the control of the Arabidopsis thaliana actin 2 promoter (ACT-2) and the Agrobacterium tumefaciens nopaline synthase (NOS) terminator (Chu et al. 2014) . The pPZP vector also contained two additional cassettes for the constitutive expression in plants of the enhanced green fluorescent protein (eGFP) reporter gene and the hygromycin phosphotransferase (hpt) selection marker gene.
The pPZP binary vector containing the cloned AsTIL sequence (pPZP-AsTIL) was then introduced into the cucumopine-type Agrobacterium rhizogenes strain 'K599', using the standard electroporation protocols. Transformed colonies were selected by PCR using the primer pairs (5′-3′) eGFP_F (CGTCGCCGTCCAGCTCGACCAG)/eGFP_R (CATGGTCCTGCTGGAGTTCGTG′) and pPZP_F (CTACCAGAATTTGGCTTGAC)/Universal M13(-20) (GTAAAACGACGGCCAGT) to amplify eGFP and AsTIL sequences, respectively.
Induction of Hairy Roots
A RKN susceptible peanut genotype (A. hypogaea 'Runner IAC-866') was grown under greenhouse conditions. The youngest fully expanded quadrifoliate leaves were harvested from 6-week-old plants for A. rhizogenes inoculation. The detached leaf petioles were then inoculated with a bacterial paste of A. rhizogenes 'K599' strain harboring either the empty pPZP (pPZP-empty) or the pPZP-AsTIL binary vectors. Leaves were maintained under moist conditions in a Petri dish (100 mm × 20 mm), according to Guimaraes et al. (2017a) . After 30 days of A. rhizogenes inoculation, roots that showed typical hairy root phenotype were checked for eGFP expression under fluorescence stereomicroscope (M205, Leica Microsystems, Wetzlar, Germany) with the GFP1 filter. All eGFP-negative roots were removed from the petioles followed by the addition of vermiculite on the top of the petiole in the Petri dish, as previously described by Guimaraes et al. (2017a) .
M. arenaria Bioassay in Peanut Hairy Roots
After the eGPP-negative roots were removed, approximately 1000 J2s M. arenaria were resuspended in 1 mL of fresh deionized water and were then dispersed homogeneously onto the vermiculite using a pipette. The progression of nematode infection was monitored by acid fuchsin staining, according to Guimaraes et al. (2017a) . Transgenic hairy roots were collected at 60 days after inoculation (DAI) with M. arenaria and individually weighted. The assessment of egg mass production in RKN-inoculated roots was then carried out by staining for 20 min with a phloxine B solution (0.15 g/L; w/v) followed by washing in distilled water. The observation was done using the stereomicroscope (M205, Leica Microsystems, Wetzlar, Germany). The number of galls and egg masses was counted in the hairy roots transformed with both A. rhizogenes 'K599' strains, harboring the pPZP-empty and pPZP-AsTIL. Data were subjected to t test analysis using Graphpad software (http://graphpad.com/quickcalcs/ttest1/) to determine the statistical significance (P ≤ 0.01) of differences between the two treatments.
qRT-PCR Analysis
For the transgene (eGFP and AsTIL) expression analysis, eGFP-positive hairy roots that were transformed with A. rhizogenes 'K599' strain harboring the pPZP-empty vector or the pPZP-AsTIL vector were collected at 60 DAI from the detached leaf petioles. Non-transformed control roots were also collected from detached leaf petioles not inoculated with A. rhizogenes and were used as negative control. Total RNA from eGFP-positive hairy roots and the controls was extracted in biological triplicates using RNeasy Plant Mini kit (Qiagen, Valencia, CA, USA), following the manufacturer's instructions. RNA purification, assessment of the RNA integrity, and cDNA synthesis were performed according to Morgante et al. (2013) . qRT-PCR reaction and analyses were conducted in technical triplicates for each sample on a StepOne Plus Real-Time PCR System (Applied Biosystems, Foster City, USA), as previously described by Morgante et al. (2013) and Guimaraes et al. (2017a) . The GAPDH gene was used as stable reference gene for the gene expression normalization in accordance with Morgante et al. (2011) . Target genes were amplified using specific primers previously designed for AsTIL (5′-3′) AsLIP_F (CGTGCTCAATGAGACTTGGA )/AsLIP_R (TGGCCAATGAGAGCATACTG) (Morgante et al. 2013 ) and eGFP (Endo et al. 2014) , with amplicon sizes of 195 bp and 104 bp, respectively.
The online real-time PCR Miner tool (Zhao et al. 2005 ) was used for the assessment of the PCR amplification efficiencies for each primer pair based on the kinetics of individual reactions. Gene expression quantification was d ete rmin ed ac co rd in g t o t he Me an Nor m al ize d Expression (MNE) method described by Simon (2003) that considers the PCR efficiencies for both the target and the reference genes. The relative quantification of transcripts was subjected to t test analysis using GraphPad software (http://graphpad.com/quickcalcs/ttest1/) to determine the statistical significance (P ≤ 0.01).
The expression profile of a set of antioxidant-related Arachis genes (target genes) was also evaluated by qRT-PCR in transgenic peanut hairy roots transformed with pPZP-empty and pPZP-AsTIL vectors relative to the nontransformed control roots, using the REST 2009 v. 2.0.13 software (Pfaffl et al. 2002) . This set includes two target genes from Arachis magna (glycolate oxidase (AmGO) and Metallothionein (AmMET); Brasileiro et al. 2015) , two from A. stenosperma (superoxide dismutase (AsSOD; formerly AsBTB) and catalase (AsCAT); Guimaraes et al. 2015) , and one from A. duranensis (peroxidase (AdPER: AdPER_F (5′-TGCCTCAGCGTAATCAGCAA-3′)/AdPER_R (5′-TCCT TGGACAAGCAATCCCC-3′); Vinson et al. 2018) . The GAPDH and ribosomal 60S genes were used as stable reference genes for the gene expression normalization in accordance with Morgante et al. (2011) .
Results and Discussion
Molecular Characterization of AsTIL
The AsTIL open reading frame (ORF) was determined by aligning three sequences coding for putative A. stenosperma TILs, which were previously obtained from root transcriptome surveys of plants subjected to fungi and nematode infection, following by distinct sequencing approaches (EST, 454 and HiSeq ILLUMINA) (Proite et al. 2007; Guimaraes et al. 2012 Guimaraes et al. , 2015 . A consensus AsTIL ORF of 558 bp produced from the alignment of these three sequences showed high nucleotide conservation (Fig. 1) . Only one single (A:G) nucleotide polymorphism (SNP) was identified at position 335 of the JR328546 sequence. This SNP represents a conservative amino acid residue substitution (tyrosine to cysteine; Fig. 1) .
The AsTIL ORF encodes a putative protein of 185 amino acids, with a theoretical pI of 5.97 and a molecular weight of 21.4 kDa (Fig. 2) . These features are typical of plant TILs, which range from 179 to 201 amino acids with a molecular weight between 19 and 23 kDa (Charron et al. 2005) . The deduced AsTIL amino acid residue sequence (through BLASTX) showed high identity with four plant TILs belonging to two Arachis species (A. duranensis (99%) and A. ipaënsis (98%)), Solanum lycopersicum (85%) and Sesamum indicum (86%) (Fig. 2) . The amino acid residue sequence alignment of AsTIL with these four plant TILs and additional three TIL sequences from legume species (Cicer arietinum, Lotus japonicus and Medicago truncatula) revealed the three typical structurally conserved regions (SCR1 to 3). These conserved regions provide a signature for plant lipocalins (Charron et al. 2005; Charron and Sarhan 2013) (Fig. 2) . The SCR1 region was located in AsTIL from amino acid residue 14 to 25 (VKRYMGRWYEIA) and possesses the two invariant amino acid residue G and W (underlined), which are key features of SCR1 (Charron et al. 2005) . Both SRC2 and 3 regions were found in the C-terminal portion of the AsTIL protein within amino acid residues 99-114 (GDYWVLYIDDDYQYAL) and amino acid residues 123-139 (LWILSRQNRLDEEIFNE), respectively (Fig. 2) . As described for other plant TILs (Charron et al. 2002 (Charron et al. , 2005 Charron and Sarhan 2013) , only the central D (underlined) of the TDY triplet present in the SRC2 region of animal and bacterial lipocalins was present in AsTIL (Fig. 2) . The conserved R residue (underlined), which characterizes the SCR3 region, was also present in AsTIL. In addition, AsTIL putatively had a conserved N-glycosylation site at amino acid residue 55 in the same position as the seven homologs, corroborating previous evidence that plant TILs are processed in the endoplasmic reticulum lumen (Charron and Sarhan 2013) .
A phylogenetic tree was generated using 11 TIL amino acid residue sequences from eight legume species and one amino acid residue sequence from a monocot species (Zea mays). As expected, the TIL from A. stenosperma (AsTIL) clustered together with the other two Arachis sequences, A. duranensis and A. ipaënsis, forming a highly supported group with a bootstrap support value of 100 (Fig. 3) . This phylogenetic analysis was consistent with the divergence within the Papilionoid subfamily of legumes, which includes almost all economically important legume crops . TILs from the Arachis species, which belong to the Dalbergioids clade, did not group together with the TILs from the species classified in the Galegoids subclade (genus Lotus, Cicer, and Medicago) that are essentially temperate legumes. Moreover, TILs from the species classified in the Phaseoloids subclade (genus Phaseolus and Cajanus), represented by tropical legumes, did not form a supported group. The Dalbergioids represents a more basally diverged clade within the Papilionoids than the Phaseoloids and Galegoids ).
In addition, TBLASTN and keyword searches in the genome of the only two completed Arachis genomes (A. duranensis and A. ipaënsis; http://peanutbase.org/) indicated that two putative TIL genes are present in A. duranensis (gene models Aradu.YTL0F and Aradu.Y28R7) and four in A. ipaënsis (gene models Araip.JS32F, Araip. YA4GL, Araip.GEB1G and Araip.NQV2I). The XP_ 015932734.1 and XP_016200082.1 sequences are the predicted proteins from Aradu.YTL0F and Araip.JS32F gene models and, as expected, showed the highest nucleotide sequence similarity with AsTIL. The number of TILs predicted in these two wild Arachis species was consistent with the four TILs estimated for the model legume Medicago truncatula (Medtr4g131390, Medtr4g131400, Medtr4g131500, and Medtr5g082980) (He et al. 2015) . Therefore, the further comparison of the AsTIL ORF sequence were carried out with Aradu.YTL0F and Araip.JS32F, revealing a gene structure composed of two exons and one intron (Fig. 4) . The deduced A. stenosperma TIL gene structure (number and length of exons and introns) was in accordance with the conserved gene structure described for lipocalins in eukaryotes, ranging from two exons in the protist and the plant kingdoms to seven exons in the chordates phylum (Sánchez et al. 2005 ). The particular 2-exon/1-intron structure of TIL gene observed in plants, shared with the ancient unicellular eukaryote Dictyostelium, suggested an independent evolution from metazoan and other eukaryotic lipocalins (Charron et al. 2005; Sánchez et al. 2005; Grzyb et al. 2006 ).
Nematode Inoculation in Peanut Hairy Roots Overexpressing AsTIL
A total of 80 detached peanut leaves were inoculated with A. rhizogenes in two independent replicates in which 40 leaves were transformed with A. rhizogenes 'K599' harboring the pPZP-empty vector and 40 were transformed with the 'K599' harboring the pPZP-AsTIL vector. After 20 days, roots showing typical hairy root phenotypes started to emerge from 27 (68%) and 29 (73%) leaf petioles transformed with A. rhizogenes pPZP-empty and pPZP-AsTIL, respectively, showing similar transformation efficiencies. Thirty days after A. rhizogenes transformation, only the detached leaves with at least six eGFP-positive roots, each with up to 5 cm in length, were used for nematode inoculation: 11 from 27 leaves transformed with A. rhizogenes pPZP-empty and 11 from 29 transformed with A. rhizogenes pPZP-AsTIL. All the eGFP-negative roots were removed prior to the inoculation. Regardless of the binary vector harbored by the Agrobacterium, all eGFP-positive roots displayed the typical hairy root phenotypes (vigorous growth and extensive lateral branches; Fig. 5a ), and achieved the average size previously determined as optimal for nematode inoculation (Guimaraes et al. 2017a) .
M. arenaria infection was confirmed 60 DAI in peanut roots harboring the empty vector through the formation of galls and the egg mass production. An average of 16.01 galls and 8.67 egg masses per gram of root were observed (Figs. 5 and 6a). Only hairy roots containing at least one gall were considered for the evaluation of gall formation and egg mass production. Therefore, these results corroborated the ability of M. arenaria to successfully infect and complete its life cycle inside peanut hairy roots developed from detached leaves (Guimaraes et al. 2017a ). In contrast, transgenic roots overexpressing AsTIL showed lower average number of galls (4.73) and egg masses (1.22) per gram of root when compared with the control at 60 DAI (Fig. 6a) . Thus, a significant reduction of 70% in number of galls and 86% in egg masses was observed in comparison to the control roots not overexpressing the AsTIL transgene (Figs. 5 and 6a) . The average biomass of pPZP-empty and pPZP-AsTIL transgenic hairy roots (0.253 ± 0.149 g and 0.301 ± 0.135 g, respectively) did not differ significantly (P ≤ 0.01, t test), indicating that there is no metabolic cost of AsTIL overexpression on below-ground biomass. The reduction in the number of galls and eggs mass observed in peanut hairy roots overexpressing AsTIL has been also reported for another wild Arachis candidate gene (AdEXLB8), using the same approach (Guimaraes et al. 2017b) . The high reduction levels of the RKN infection in the susceptible peanut genotype indicated that hairy roots are a suitable system for screening candidate genes involved in Fig. 6 Evaluation of M. arenaria infection and relative gene expression on transgenic peanut hairy roots. a Mean number of galls and eggs masses per gram of root (± SE) transgenic peanut hairy roots transformed with pPZP (n = 11) and pPZP-AsTIL (n = 11). Statistical analyses were done with t test and asterisks mean P ≤ 0.01. b Relative quantification of AsTIL and eGFP transgenes in transgenic peanut hairy roots transformed with pPZP-AsTIL, pPZP-empty, and in non-transformed control roots. Error bars indicate the standard deviation of three biological replicates. Statistical analyses were done with t test, and asterisks mean P ≤ 0.01 host-RKN interactions (such as AsTIL and AdEXLB8) and could be used as a benchmark for nematode resistance, as previously described Cook et al. 2012; Lin et al. 2013; Matthews et al. 2013; Guimaraes et al. 2017b; Lin et al. 2017; Subramanian 2017) .
It is also important to point out that, despite the fact that each eGFP-positive hairy root is an independent transformation event, their responses to the nematode infection were not significantly different from each other (Fig. 6a) . Therefore, assuming that the transformation events were uniform, each hairy root was considered a replicate with using their means and the standard errors representing independent events. These results supported previous plant-nematode interaction studies in several crops, such as peanut, soybean, coffee, melon Prunus spp., and Phaseolus spp., using hairy roots for inroot functional characterization of nematode resistance candidate genes (Alpizar et al. 2006; Pak et al. 2009; Bosselut et al. 2011; Matthews et al. 2013; Chu et al. 2014; Guimaraes et al. 2017b) . Moreover, these results also corroborated the use of ex vitro hairy roots as a practical and suitable approach for plant-nematode studies, which avoids the complexity of maintenance of an axenic plant/nematode/bacteria system.
The expression of AsTIL and eGFP transgenes was assessed by qRT-PCR to confirm their overexpression in transgenic hairy roots (Fig. 6b) . The overexpression of AsTIL in the transgenic hairy roots transformed with pPZPAsTIL was 1.9 times and 1.8 times higher than the peanut endogenous AsTIL ortholog in the non-transformed control roots (wild-type) and in the roots transformed with the pPZP-empty, respectively (Fig. 6b) . The transgene expression level is also in accordance with our previous work (Guimaraes et al. 2017a) . As expected, the eGFP relative expression was higher than AsTIL. This may be due to the promoter used, since eGFP expression was driven by the double 35S promoter from cauliflower mosaic virus while AsTIL was driven by the actin2 promoter from A. thaliana. These results demonstrated that the overexpression of AsTIL has no effect on the eGFP overexpression, and therefore, the GFP was functioning properly as a reporter gene.
The effectiveness of AsTIL overexpression to reduce M. arenaria infection in hairy roots of an RKN susceptible peanut genotype suggests this gene functions in the RKN defense response in Arachis roots. In addition, AsTIL gene encodes a temperature-induced lipocalin and belongs to a large and diverse family of small ligand-binding proteins, which participate in intercellular signaling and response to several abiotic stresses (Charron et al. 2008; Chi et al. 2009; Levesque-Tremblay et al. 2009; Brinker et al. 2010; Boca et al. 2014; He et al. 2015) . It is suggested that plant lipocalins play a key role in the removal of ROS, which are chemical compounds resulting from the activation or reduction of molecular oxygen or derivatives of the products of reduction. In particular, AsTIL amino acid residue sequence is highly similar (86%) to MfTIL1 (AHF50207), a TIL from Medicago falcata that is involved in plant tolerance to cold and oxidative stress through an increased ROS-scavenging capacity (He et al. 2015) .
To provide new insights on the molecular mechanisms behind the putative effects of AsTIL overexpression via altered ROS responses, the expression profile on a set of Bantioxidant-related^Arachis genes was analyzed by qRT-PCR in transgenic peanut hairy roots transformed with pPZP-empty and pPZP-AsTIL vectors relative to the nontransformed control roots. This set includes five genes encoding proteins known to be involved in the improvement of the antioxidative systems in plants through ROS scavenging, such as glycolate oxidase (GO), superoxide dismutase (SOD), catalase (CAT), metallothionein (MET), and peroxidase (PER). These antioxidant-related Arachis genes were selected from previous works that demonstrated their modulation in plants of three wild Arachis species (A. stenosperma, A. duranensis, and A. magna) under different abiotic and biotic stress conditions Guimaraes et al. 2015; Vinson et al. 2018 ). The results indicated that the antioxidant-related Arachis genes were regulated in transgenic peanut hairy roots transformed with both pPZP-empty and pPZP-AsTIL vectors in comparison to the wild type roots (Fig. 7) . Notably, the expression levels of GO transcripts were highly induced (RQ = 4.69) by the overexpression of AsTIL in pPZP-AsTIL roots, whereas it was repressed (RQ = 0.68) by A. rhizogenes transformation in pPZP-empty roots (Fig. 7) . Conversely, the expression of the other four antioxidantrelated genes seemed to be similarly modulated in both pPZP-empty and pPZP-AsTIL hairy roots, with SOD being upregulated and CAT, MET and PER downregulated (Fig. 7) . These results suggested that, excepted for GO, the expression of antioxidant-related genes is affected by A. rhizogenes transformation but not by the AsTIL overexpression.
Despite its potential role as ROS-scavenger during abiotic stresses, the involvement of lipocalins in the response to biotic stresses is poorly described. It has been demonstrated that the silencing of a tomato TIL abolished the resistance to the leaf virus TYLCV (Sade et al. 2012; Czosnek et al. 2013 ) and the gene was also upregulated in response to whitefly feeding. This suggests its association to a network of responses to several biotic stresses. This is the first study on the involvement of plant lipocalins in nematode resistance. However, the precise function of AsTIL is yet unclear, as the other characterized plant TILs seemed to have a protective role against several abiotic stresses. Some studies have shown the involvement of the lipocalin family in jasmonic acid (JA) biosynthesis. Mutants with constitutively elevated JA levels showed high lipocalin expression and exhibited the same phenotype as JA treated plants, which are known to display enhanced resistance to biotic stress (Wasternack 2007) . Based on the putative involvement of AsTIL in JA-mediated biotic stress signaling, further studies will be conducted to assess the effects of AsTIL overexpression in other types of biotic and abiotic stresses, such as fungal infection and drought. The plant lipocalins have also been associated with cell growth, membrane biogenesis, induction of apoptosis, environmental stress responses, and regulation of immune stress responses (Charron et al. 2005) .
Our previous studies showed that AsTIL displayed strong induction in the RKN resistant A. stenosperma, 3 days after M. arenaria inoculation, followed by a sharp reduction in its expression 6 days later (Morgante et al. 2013; Guimaraes et al. 2015) . It was also recently observed that during A. stenosperma defense response to M. arenaria, ethylene and JA signaling pathways were triggered, culminating with the occurrence of the HR response . Conversely, the same study suggested that the salicylic acid (SA) signaling pathway is the preferential response in the moderately RKN susceptible A. duranensis. Typical compounds of the JA biosynthesis, such as allene oxide synthase (AOS) and other lipoxygenases, demonstrated to being induced during HR. This suggests that AsTIL might have a role in both modulation of tolerance to oxidative stress and in the regulation of JA biosynthesis (Wasternack 2007; Charron et al. 2008) .
Conclusions
The in planta validation of the biological function of candidate genes for plant-pathogen resistance is a fundamental step to reveal its usefulness in the future for genetic breeding programs. However, gene expression analysis and functional validation in the target plants can be complex and slow, particularly when the plant is recalcitrant to genetic transformation, as in the case of peanut. Here, the lipocalin AsTIL, a candidate gene for the nematode resistance in peanut, was isolated from a wild peanut relative, characterized in silico, and overexpressed into peanut hairy roots. These results indicated a possible involvement of AsTIL in nematode response/resistance in Arachis spp. The use of an efficient and fast transformation Fig. 7 Relative quantification of five antioxidant-related Arachis genes in transgenic peanut hairy roots transformed with pPZP-empty and pPZPAsTIL vectors relative to the non-transformed control roots. Target genes were identified in A. magna (glycolate oxidase (AmGO) and metallothionein (AmMET); Brasileiro et al. 2015) , A. stenosperma (superoxide dismutase (AsSOD) and catalase (AsCAT); Guimaraes et al. 2015) , and A. duranensis (peroxidase (AdPER); Vinson et al. 2018) . Statistical analyses were done with t test, and asterisks represent P ≤ 0.05 to a given mean that is different from 1.0 relative quantification methodology allowed AsTIL in-root overexpression. As a result, this significantly reduced the nematode symptoms in a susceptible peanut genotype. This is the first report describing the use of plant lipocalins to enhance RKN resistance and pointed out AsTIL as a promising candidate gene for peanut breeding. In order to achieve a more durable RKN resistance, AsTIL, combined with other RKN resistance genes (for example AdEXLB8), could be used to pyramid nematode resistance trait in peanut and other RKN-affected crops. Since TIL genes could be related to several abiotic stresses, AsTIL can also be used for the multiple stress resistance gene pyramiding.
